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Novel, intergenogroup reassortant G3 rotavirus strains are spreading in at least
three continents: Asia, Australia, and Europe. The present study provides evidence that a
closely related G3P[8] strain circulated in Hungary during 2015. Whole genome
sequencing and phylogenetic analysis showed that the identiﬁed strain continues to
evolveby reassortment. This observation demonstrates the genomic plasticity of the novel
strain,which is thought tobe aprerequisite of the success of emerging rotavirus genotypes.
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Introduction
Rotavirus A (RVA) is one of the leading causes of acute dehydrating
diarrhoea in infants and young children. Since 2006, the monovalent Rotarix®
(GlaxoSmithKline) and the pentavalent RotaTeq® (Merck) vaccines have been
available for routine use in numerous countries worldwide to alleviate the
economic and societal burden of RVA infections [1].
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With an 11-segmented double-stranded RNA genome and a coding capacity
of 11 or 12 proteins (including six structural proteins, VP1 to VP4, VP6, and VP7
and six non-structural proteins, NSP1 to NSP5/6), RVA strains are classiﬁed into
the genus Rotavirus, family Reoviridae [2]. Classiﬁcation below the species level
includes the assignment of G and P type speciﬁcities based on the antigenic and
genetic differences of the outer capsid proteins, VP7 and VP4, respectively. More
recently, the genotyping system has been extended to assign the whole genome
based genotype constellation, where Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx
designates the genotypes of the VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-
NSP3-NSP4-NSP5/6 protein-coding genes [3].
Rotavirus strain surveillance is being conducted worldwide to support
ongoing vaccination programs by collecting information about changes in strain
prevalence and understand whether such changes may be linked to vaccine use.
A total of six genotype combinations of the VP7 (G) and VP4 (P) neutralization
antigens (i.e., G1P[8], G2P[4], G3P[8], G4P[8], G9P[8], and G12P[8]) are
considered medically important worldwide [4]. More recently, whole-genome
sequencing studies employing low cost traditional sequencing methods or
advanced sequencing technologies have signiﬁcantly contributed to our under-
standing of preferred constellations for the backbone genes in various geno-
types. The majority of human RVA strains can be readily classiﬁed into one of
the two homologous whole genome constellations. For example, the genotype 1
constellation is composed of the following genotypes of backbone genes: I1-
R1-C1-M1-A1-N1-T1-E1-H1 and among the medically important strains mainly
express G1P[8], G3P[8], G4P[8], G9P[8], or G12P[8] antigen speciﬁcities. On
the other hand, the genotype 2 constellation is composed of genotypes I2-R2-
C2-M2-A2-N2-T2-E2-H2 and is mostly associated with the G2P[4] antigen
speciﬁcity [5].
To aid vaccine monitoring programs, WHO recommends the use of
nested PCR-based genotyping methods of rotavirus strains. In this assay
format, a mixture of genotype-speciﬁc oligonucleotides is included, which
target the G (VP7) types and P (VP4) types of medically important human
rotaviruses [6]. No analogous assays have been developed for the backbone
genes. In 2012, we initiated a pilot study to implement new, high-throughput
sequencing technologies in routine strain surveillance [7]. In the 2015 study,
we observed the circulation of novel G3P[8] strains carried on the genotype 2
constellation of backbone genes. Literature review and sequence database
search revealed similar strains circulating in other parts of the world. The aim
of the present study was to genetically characterize the unusual intergenogroup
reassortant strain that carries a G neutralization antigen of putative equine
origin.
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Materials and Methods
RVA positive stool samples were suspended in phosphate-buffered saline,
and then the genomic RNA was extracted using the TRIzol method [8]. Comple-
mentary DNA was prepared in the presence of 10 μM random hexamer tailed by a
PCR primer sequence tag [9]. Reverse transcription was performed with the AMV
reverse transcriptase (Promega). PCR ampliﬁcation was carried out using Taq
DNA polymerase (Thermo Scientiﬁc). About 10–100 ng of random PCR product
was subjected to enzymatic fragmentation using the reagents supplied in the
NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torrent™ kit (New
England Biolabs). The adaptor ligation was performed using reagents from the
same kit, whereas barcoded adaptors were retrieved from the Ion Xpress™
Barcode Adapters (Life Technologies). The library DNA was run on 2% precast
gels, and then products between 300 and 350 bp were used in emulsion PCR. This
step was carried out according to the manufacturer’s protocol using the Ion PGM
Template kit on a OneTouch v2 instrument. Following enrichment of the
templated beads, the sequencing protocol recommended for Ion PGM™ Sequenc-
ing 200 Kit v2 on a 316 v2 chip was strictly followed.
Raw sequence data were processed using the CLC Genomics Workbench
(http://www.clcbio.com/). Computational work included sequence-read quality
trimming and consensus sequence generation by mapping of the obtained sequences
to a representative number of reference genotypes. After visual inspection of
sequence mappings, a single consensus sequence was created for each gene of all
strains. Sequence similarity search was performed through the BLAST server [10].
Multiple alignments were prepared using the Multalin online program [11] and
manually adjusted in the GeneDoc software [12], whereas phylogenetic analysis by
the maximum-likelihood and the neighbor-joining methods were performed by using
the MEGA5 software [13]. For the maximum-likelihood tree, the best ﬁt nucleotide
substitution models for each gene were selected based on the Bayesian information
criterion as implemented in the MEGA5 software. For the neighbor-joining tree, we
used the p-distance algorithm. Whole genome similarity comparisons were carried
out with the mVISTA platform from the concatenated sequences [14].
Results
With the whole genome sequencing approach, we determined the genotype
constellations of 236 RVA strains collected from the Combined Szent István
and Szent László Hospital during the epidemic season of 2015. The hospital
provides health services for Budapest and the metropolitan area. In this period, the
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globally most important strains circulating in the study site were as follows: G4P[8]
(n= 165, 70%), G9P[8] (n= 36, 15.3%), G1P[8] (n= 4, 1.7%), G3P[8] (n= 3,
1.3%), G2P[4] (n= 2, 0.8%), and G12P[8] (n= 1, 0.4%). Mixed antigen types
were found in 8.5% (n= 20) of the samples.
Preliminary sequence analysis of the surface antigen encoding genes, VP7
and VP4, revealed that all three G3P[8] strains and two other strains in samples
showing mixed genotypes (both G3G9P[8]) had VP7 genes homologous (>99%
nucleotide identity) to novel G3 strains reported from Japan, Thailand, and
Australia [15–17]. Also, a sequence homology search through the BLAST engine
identiﬁed a closely related strain reported from Spain. Based on close phylogenetic
relationship between the emerging human G3 strains and an Indian horse rotavirus
strain (Figure 1), it was hypothesized in the initial description of the Japanese and
the Australian G3 strains that the novel human G3 VP7 lineage may have
originated from an equine RVA strain by reassortment event [15, 16]. When
analyzing the VP4 gene, we observed that the Hungarian equine-like G3 strains
also shared great sequence similarity with cognate genes of the emerging
Australian, Thai, and Spanish strains. Of interest, further similarities were
identiﬁed with Japanese G1P[8] strains, which co-circulated with the Japanese
G3P[4] strains carrying the novel G3 VP7 gene. The analysis of other G3P[8]
strains detected over the past few years in Hungary revealed no close relatedness
with the novel G3P[8] strains (Figure 1).
Analysis of the whole genomic constellation revealed that the novel
Hungarian G3P[8] strains detected in 2015 had a genotype 2 constellation of
the backbone genes (i.e., I2-R2-C2-M2-A2-N2-T2-E2-H2). Again, in the whole
genotype constellation, the Hungarian strains were highly similar to the Austra-
lian, Thai, and Japanese strains. One minor difference was a distinct genotype E2
NSP4 variant in the 2013–2014 strains, suggesting that the European equine-like
G3 strains could have acquired the NSP4 gene through reassortment from another
genotype 2 constellation strain and then the new reassortant strain spread within
the continent (Figures 2 and 3). Of note is that the backbone genes showed close
relatedness with other intergenogroup reassortant strains, including contemporary
Philippine, Thai, and Japanese G1P[8] rotaviruses [17, 18] (Figure 2).
Discussion
Previous studies indicated that genotype G3, which is the most widespread
RVA antigen speciﬁcity among mammals and human RVAs may acquire the G3
VP7 gene from various host species. Genotype G3 strains of feline, canine,
porcine, and lapin origin have been implicated in the generation of diversity within
246 DÓRÓ ET AL.
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human RVA strains [19]. Published information on the putative equine origin G3
VP7 gene carried on a common human genotype constellation would be the ﬁrst
indication that an equine RVA could serve as a donor of the G3 VP7 gene for a
heterologous RVA strain [15–17].
Recent ﬁndings including our surveillance data presented here demonstrate
that a novel, intergenogroup reassortant G3 strain that carries this putative equine
origin VP7 gene emerged in parts of Australia and Asia and also spread in parts of
Europe over the past several years [15–17]. Collectively, although data about the
new G3 strain is scanty at this moment, lines of evidence suggest that since the ﬁrst
description of the novel human G3 strain in Japan the strain has spread globally
and evolved acquiring new VP4 and NSP4 genes through reassortment (Figure 3).
Although, at present, it is not possible to delineate the accurate temporal order of
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 RVA/Human-wt/HUN/ERN8133/2015/G3G9P[8] 
 RVA/Human-wt/HUN/ERN8148/2015/G3P[8] 
 RVA/Human-wt/HUN/ERN8148/2015/G3P[8] 
 RVA/Human-wt/HUN/ERN8187/2015/G3P[8] 
 RVA/Human-wt/ZAF/3203WC/2009/G2P[4] 
 RVA/Human-wt/CAN/RT008-07/2007/G2P[4] 
 RVA/Human-wt/CAN/RT125-07/2008/G2P4 
 RVA/Human-wt/SEN/MRC-DPRU2128/2009/G2P[6] 
 RVA/Human-wt/BEL/B1711/2002/G6P[6] 
 RVA/Human-wt/SWZ/MRC-DPRU4506/2010/G2P[4]P[8] 
 RVA/Human-wt/ITA/PG01/2011/G2P[4] 
 RVA/Human-wt/ITA/NA01/2009/G3P[6] 
 RVA/Human-wt/BFA/272-BF/2010/G6P[6] 
 RVA/Human-wt/TGO/MRC-DPRU5138/2010/G3P[6] 
 RVA/Human-wt/ITA/NA19/2009/G3P[6] 
 RVA/Human-wt/BGD/RV161/2000/G12P[6] 
 RVA/Human-wt/MUS/MRC-DPRU308/2012/G2G12P[X] 
 RVA/Human-wt/COD/DRC86/2003/G8P[6] 
 RVA/Horse-tc/JPN/OH-4/1982/G6P[5] 
 RVA/Horse-tc/GBR/H-1/1975/G5P9[7] 
 RVA/Horse-wt/ARG/E3198/2008/G3P[3] 
 RVA/Horse-tc/JPN/HH-22/1989/G3P[12] 
 RVA/Horse-wt/USA/FI23/1981/G14P[12] 99 
65 
99 
91 
75 
99 
63 
70 
0.05 
Figure 2. (cont.)
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such reassortment events, this pattern of geographic spread of a novel G3 RVA
antigen speciﬁcity resembles the global emergence of strains carrying particular
genetic lineages of the G9 and G12 VP7 genes on heterogeneous backbone gene
constellations [20, 21].
Figure 3. World map showing the countries where the novel equine-like G3 strains were detected.
Whole-genome comparison of a Hungarian strain in the mVISTA module [11] with representative
equine-like G3 strains from Japan, Australia, Thailand, and Spain shows the greatest genomic
conservation with the Spanish strain (gray color shows missing sequence information). The Japanese
strains had a different VP4 and NSP4 variant, whereas the Australian and Thai strains differed only
in the NSP4 gene from the Hungarian intergenogroup G3P[8] strain. Representative strains were as
follows: Hungary, RVA/Human-wt/HUN/ERN8263/2015/G3P[8]; Australia, RVA/Human-wt/
AUS/WAPC2016/2014/G3P[8]; Japan, RVA/Human-wt/JPN/S13-30/2013/G3P[4]; Thailand,
RVA/Human-wt/THA/SKT-289/2013/G3P[8]; Spain, RVA/Human-wt/ESP/
sansebastian98244047/2015/G3P[8]
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Thus far, post licensure strain surveillance has not revealed any consistent
trends in strain selection due to vaccine use; however, it appears an interesting
ﬁnding that the greatest prevalence of these novel G3 strains was detected in high
vaccine coverage populations [16]. Thus, more information will be needed to
appropriately evaluate the impact of emergence of the novel reassortant G3 strain
on regional and global strain prevalence over time. Introduction of whole genome
sequencing in routine strain typing will play a key role in the recognition of
unusual genotype constellations and the assessment of their importance in the post
rotavirus vaccine licensure era.
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